Abstract. Using longitudinal data from the Nairobi Urban and Demographic Surveillance System (NUHDSS), we examined the seasonal pattern of pneumonia mortality among under-five children living in Nairobi's slums. We included 17,787 under-five children resident in the NUHDSS from January 1, 2003 to December 31, 2005 in the analysis. Four hundred thirty-six deaths were observed and cause of death was ascertained by verbal autopsy for 377 of these deaths. Using Poisson regression, we modeled the quarterly mortality risk for pneumonia. The overall person-years (PYs) were 21,804 giving a mortality rate of 20.1 per 1,000 PYs in the study population. Pneumonia was the leading cause of death contributing 25.7% of the total deaths. Pneumonia mortality was highest in the second quarter (risk ratio [RR] = 2.3, confidence interval [CI]: 1.2-4.2 compared with the fourth quarter). The study provides evidence that pneumonia-related mortality among under-fives in Nairobi's slums is higher from April to June corresponding to the rainy season and the beginning of the cold season.
INTRODUCTION
Acute lower respiratory tract infections (ALRIs-pneumonia, bronchiolitis, and bronchitis) are among the major killers of children less than 5 years of age in sub-Saharan Africa (SSA). Most of the deaths are caused by pneumonia. In SSA, pneumonia accounts for about 21% of the under-five mortality and therefore is the second killer after malaria, which accounts for 40% of under-five mortality. [1] [2] [3] A recent study from Nairobi showed that pneumonia accounts for 3,463 years of life lost (YLLs) among under-fives in two Nairobi slums and accounts for 23% of the total YLLs among this age group. 4 Despite the high burden of pneumonia, control of the disease, especially among young children, has had limited success and been relatively neglected. 5 A number of reasons have been suggested for the neglect of the disease. For instance, most intervention programs do not give specific attention to the most vulnerable groups, such as deprived communities. The multiple aetiologies of pneumonia and lack of agreement among experts on the best intervention strategies have also undermined efforts to deal with the disease.
However, there are recent initiatives to put pneumonia control at the forefront of public health efforts. The Global Action Plan for Prevention and Control of Pneumonia (GAPP) is one such initiative. For this initiative to be successful there is a need to generate more research evidence on the epidemiology of the disease, especially among disadvantaged population such as slum dwellers, where pneumonia contributes substantially to the high disease burden and where underfives have a disproportionately high mortality burden, partly because of pneumonia. 4 In slums, living conditions are characterized by poor housing (e.g., with walls mostly made of corrugated iron sheets), poor environmental hygiene, overcrowding, and poor access to health care. 6, 7 These conditions impact dramatically on the health of slum dwellers. Compared with the rest of Kenya, residents of slum settlements exhibit worse health indicators, especially for the under-five population. 6, [8] [9] [10] Seasonal variation of infectious diseases has been studied extensively in other settings. For instance, the incidence of meningococcal meningitis has been associated with the dry season in the Sahel region. 11, 12 Additionally, several studies have investigated the effect of weather patterns-specifically cold weather-on the incidence of upper respiratory tract and oral tract infections, mostly in temperate countries. 13, 14 Several patho-physiologic mechanisms have been suggested to explain how exposure to a sudden drop in temperature results in an acute respiratory infection. These include a reduction in the local immune response characterized by reduced phagocyte activity. The action of phagocytes in destroying viruses and bacteria is a major component of the non-specific immune response that is vital to prevent infection. 15, 16 The failure of phagocytosis is exacerbated by the activation of latent sub-clinical infections in the population; hence, the sudden increase in incidence of acute respiratory infections that usually follows a sudden drop in temperature. 17 Apart from the purely biologic effect of cold weather, human response to weather changes may increase the risk of infection even further. Spending more time indoors in structures with poor ventilation and indoor pollution may further increase the risk of acute respiratory infections.
Seasonal variation of pneumonia has been studied in some African settings, mainly using hospital-based data. 18 However, there is little evidence of seasonal effects on pneumonia mortality at the population level. Slum dwellers, despite their high morbidity and mortality burden, have low health care utilization rates 6, 7, 19 ; hence, hospital-based data may not capture the true burden of the disease or its seasonality effects, if any, among this population. Given the poor housing and environmental conditions in the slums settlements, one may not necessarily expect to observe exceptionally high seasonal variation in pneumonia-related mortality because children in these communities perpetually live in conditions that may predispose them to the risk of contracting ALRIs.
Against this background, this work uses longitudinal data from the Nairobi Urban and Demographic Surveillance System (NUHDSS), to determine whether there is a seasonal pattern of mortality caused by pneumonia among children less than 5 years of age living in two of Nairobi's informal settlements.
METHODS
Study site. The study was conducted in two informal settlements of Korogocho and Viwandani in the city of Nairobi, where the African Population and Health Research Center (APHRC) is running the NUHDSS. The settlements are located about 5 to 10 km from the city center and 3 km from each other. The population under surveillance on January 1, 2007 was 59,513 individuals living in 21,993 households. Poor environmental sanitation, overcrowded houses, and poor access to basic health care characterize these settlements. 6, 7 Nairobi is situated at a high altitude of 1,700 meters above sea level. This geographic situation makes Nairobi relatively cold compared with other tropical cities. The average annual minimum temperature is 12°C (range: 11-14°C) and average maximum temperature is 23°C (range: 21-26°C). There are two rainy seasons in a year in Nairobi. The first rainy season is from March to May and the second from October to December. The total annual rainfall is about 900 mm, with the most rainfall in the second quarter of the year (April = 199 mm, May = 155 mm). The second and third quarters of the year correspond to the cold season, but temperatures are much lower in the third quarter (mean temperature 17°C with a minimum temperature of 11°C).
Study subjects. The study involved 17,787 children less than 5 years of age who lived at one time or another in the NUHDSS area from January 1, 2003 to December 31, 2005 . Children entered the NUHDSS either by enumeration at the initial census or through birth or immigration. The 17,787 children contributed 21,804 person years (PYs) of exposure that were used in the analysis.
Ascertaining cause of death. Data on key demographic events (birth, death, migratory movements) are collected every 4 months by trained and experienced interviewers among all NUHDSS residents. For all recorded deaths, the cause of death is ascertained using the verbal autopsy (VA) approach. Details of how the method is applied in the NUHDSS have been described elsewhere. 4 Briefly, a VA questionnaire is administered to a credible respondent, preferably a parent who took care of the sick child before death. Completed VA forms are reviewed independently by three physicians to determine the most probable cause of death. If the assigned code is similar for at least two of the physicians, the cause of death is assigned. If not, the most probable cause of death is assigned at consensus meetings among the three physicians. Where disagreements persist, the cause of death is coded as undetermined. Causes of death are classified according to the International Classification of Disease Version 10 (ICD10), using a modified and abridged code list that can be mapped onto the global burden of disease cause list. On this modified code list, uncommon causes of death in the study area are collapsed in broader categories such as "other specified communicable diseases" to cater for rare communicable diseases such as typhoid fever.
Analysis. The time spent under observation by the study population was calculated for each month of the year starting from January 1, 2003. The number of days an individual was resident in the NUHDSS during a particular month was obtained from the NUHDSS database. These days were then summed up for all individuals and person months calculated . To obtain the total person months for the 3 years in the study period, we summed up the individual contribution for the same months in all the years.
Because of the small number of deaths, monthly mortality rates were calculated by summing up the number of deaths during the same month over the 3 years and dividing it by the corresponding person time. We calculated the monthly mortality rates using Poisson regression with the logarithm of person time as offset. This was done separately for pneumonia, for all other causes combined and for non-infectious causes excluding birth-related deaths. To assess the relationship between mortality rate and season, we used the fractional polynomial approach through which the best fitting transformation of the linear dependent variable is determined. [20] [21] [22] The best fit was reached with a first degree quadratic transformation for pneumonia, all other causes and non-infectious causes.
To compute the seasonal mortality risk for pneumonia and for all other causes of death, we fit a Poisson regression model controlling for calendar year (2003) (2004) (2005) , site of residence, and age (below 1 year and 1 to 4 years). Risk ratios (RR) were computed for each quarter of the year in comparison to the fourth quarter (October-December), which had the lowest number of pneumonia deaths.
RESULTS

Study population characteristics.
In total, 17,787 children less than 5 years of age resident in the NUHDSS from January 1, 2003 to December 31, 2005 participated in the study. The children contributed 21,805 PYs over the 3 years. There was slight variation in the distribution of PYs between quarters. The highest contribution was for the fourth quarter (6,017 PYs) and the lowest for the first quarter (4,826 PYs). Among other covariates, significant differences were observed in the age distribution of PYs whereby a larger proportion of observation time was accumulated in the age group above 1 year (16,457 PYs or 75.5% of the overall PYs). The distribution of person time between categories of sex, site, and calendar year is shown in Table 1 .
Cause of death. Among 436 deaths observed, cause of death was assigned in 377 cases (86.5%) and missing in 59 cases (13.5%), mostly caused by inability to administer the VA (71.2%) and incomplete coding (28.8%) cases. Pneumonia was the leading cause of death, contributing 25.7% of deaths, whereas diarrhea contributed 22.0%. The contribution of other individual causes was small and ranged from 0.3% to 6.9% ( Table 2 ) .
Monthly mortality from pneumonia and all other causes. Pneumonia-related mortality followed the same seasonal pattern as the mortality from all other causes. The mortality was highest in the second quarter of the year especially in June (60.1 per 100,000 PYs). From the third quarter, there was a sharp decrease in the mortality from all other causes. Pneumonia-related mortality also decreased in the third quarter, but with a less steep gradient. In fact, mortality remained high in the first 2 months of the third quarter (July: 49.4 per 100,000 PYs; August: 39.3 per 100,000 PYs) and declined only in September. In the last quarter of the year, the pneumonia mortality rate reached its lowest level and the lowest rate was observed in November (16.4 per 100,000 PYs). Similarly, mortality from all other causes was lowest in the fourth quarter of the year ( Table 3 and Figure 1 ) .
Seasonal effect on pneumonia mortality. There was a significant association between season (expressed as quarter) and pneumonia mortality in the study area. Compared with the fourth quarter of the year and after controlling for calendar year, site, and age, there was significantly higher mortality from pneumonia in the second and the third quarters of the year (Quarter 2: RR = 2.1, 95% CI: 1.1-3.9; Quarter 3: RR = 1.9, 95% CI: 1.0-3.6). The risk in the first quarter of the year was also higher than in the fourth but not significantly so, RR = 1.8, 95% CI: 0.9-3.4. Mortality from all other causes was also significantly higher in the second and third quarters compared with the fourth quarter ( Table 4 ). In contrast, there was no significant difference between mortality from noninfectious conditions (excluding birth-related deaths) in the first, second, and third quarters compared with the fourth quarter (RR 1.1, 1.2, and 1.1, respectively) . A peak in mortality from birth-related deaths was observed in July; however, this also coincided with a peak in the number of births (results not shown).
Among the control variables, site of residence and age were significantly associated with pneumonia mortality. The risk of pneumonia mortality was higher in Korogocho compared with Viwandani (RR = 2.2, 95% CI: 1.4-3.3). As would be expected, children between 1 and 4 years of age experienced less risk of dying from pneumonia compared with children less than 1 year (RR = 0.1, 95% CI: 0.1-0.2) ( Table 4) .
DISCUSSION
Using longitudinal and verbal autopsy data from the NUHDSS, this study showed a high burden of pneumonia as reported in another study conducted in the same area. 4 It also showed that pneumonia-related mortality rates are not constant throughout the year. A seasonal pattern is observed whereby mortality in the third quarter of the year is significantly higher than in the fourth quarter.
A possible explanation for the high pneumonia mortality is the poor housing and overcrowding (about 60,000 individuals live on < 1 km 2 ), conditions that facilitate transmission of the pneumonia-causing agents. In addition, indoor air pollution could be another important contributing factor, because it has been reported widely as a major risk factor for acute upper and lower respiratory tract infections, especially among under-fives. [23] [24] [25] In the slums, most residents use the same room for cooking and sleeping and 95% of households use kerosene stoves for cooking. The particulate matter and carbon di oxide emitted by burning kerosene are inflammatory agents that lead to breaches in the epithelial lining of the respiratory tract, hence increasing the risk of respiratory tract infections. 26, 27 There is a need to investigate further the role of indoor air pollution on the risk of acute respiratory tract infections among the slum population, particularly among under-five children, and the impact of improving indoor air quality on childhood mortality. Such an investigation could involve indoor monitoring of air quality and levels of particulate matter. The seasonal pneumonia mortality pattern corresponds to the temperature pattern throughout the year, with higher mortality observed during the cold months and lower mortality during the warm months. However, the highest monthly mortality was observed in June, whereas the coldest month was August. What is peculiar about June is the fact that it marks the beginning of the cold season, which lasts until August. Studies have suggested that the risk for respiratory tract infec- Figure 1 . Seasonal pattern of pneumonia mortality and all other causes among Nairobi slum children. Poly = fractional polynomial transformation fitting line. Table 4 Pneumonia and all other causes-including unknown causes* * Bold = significant at 5% level; RR = risk ratio; CI = confidence interval. tions is relatively high soon after a sudden drop in temperature, as may happen in the transition from a warm/hot season to a cold one. Seasonality of pneumonia, other ARTIs, and other viral infections have been observed in many temperate countries, especially in association with winter. 13, 28 It has been suggested that such seasonality does not exist in tropical countries because changes in temperature between hot and cold seasons are not as dramatic as in temperate countries. However, since Nairobi is a city at a high altitude, it is different from most other tropical settings. Indeed, monthly temperature and rainfall for the years 2003-2005 for the city of Nairobi ( http://iri.columbia.edu/climate/forecast ) show that, although the mean annual temperature is moderate (24°C), there is a sudden drop of temperature in the second and third quarters of the year, with minimum temperature ranging between 11 and 14°C. Such conditions could mimic temperate climates.
Because overall mortality showed a similar seasonal pattern, we examined the mortality from other non-infectious health conditions (56 cases from 12 causes) and found no such seasonal pattern. The RR for non-infectious conditions excluding birth-related deaths in the first, second, and third quarters compared with the fourth quarter were all close to 1.0 and non-significant suggesting that the seasonality observed for pneumonia does not occur for all the other causes of death.
Korogocho children have significantly higher pneumonia mortality than those in Viwandani. Viwandani is mostly inhabited by labor migrants seeking employment in the nearby industrial area. Although there are more employment opportunities there, it is also a cash-based community. As a result, a larger proportion of residents in Viwandani stay for short periods and move on compared with Korogocho. It is possible that either residents do not stay long enough to be exposed to the hazardous slum environment or that, economically unsuccessful migrants, who could potentially have worse health outcomes move elsewhere and leave behind more successful ones resulting in selection of the stable Viwandani population. Detailed studies to explain this discrepancy are underway.
Limitations. Our study has some limitations. By linking season with pneumonia mortality, the study does not take into account actual individual exposure. Some individuals may not have been physically resident in the study area all year, especially during the high-risk periods or those who were resident could have reacted differently to the weather/weather changes and hence altered their risk of exposure.
The yearly quarters represent changes in seasons; however, we did not link actual changes in temperature to pneumonia mortality. In addition, since a quarter is 3 months long, there may be wide variation in the daily temperature over that period. Such variations are masked in our analysis and may explain the moderate associations with seasons. Further research should aim to make this link more explicit, for instance by using a case-crossover design with daily temperature measures as the main explanatory variable. 29 Several questions have been raised about the accuracy of the VA methods to classify causes of death correctly, especially for under-fives. [30] [31] [32] [33] In this study, we acknowledge the possibility of misclassifications of some causes of death. On the other hand, in an area of high human immunodeficiency virus (HIV) burden, it is likely that some acquired immunodeficiency syndrome (AIDS)-related deaths were classified as pneumonia, especially if there was co-infection. In a setting where most deaths occur outside the formal health care system, where care is not always sought before death, the verbal autopsy tool is currently the best alternative of assigning cause of death despite its shortcomings. Unless the HIV sero-status had been established before death or other social history was available in the VA interview, it is not possible to attribute death to HIV-related conditions in this population. This misclassification may have led to the overestimation of the overall pneumonia mortality. However, our estimates of seasonal risk are likely to be robust, because we do not expect the specificity of assigning pneumonia as the cause of death to vary across seasons, as is the case for malaria, 34 because pneumonia has very distinct signs and symptoms.
We assessed the seasonal pattern based on 3-year data; one may argue that the pattern may change if we have data from more years, given that there may be annual variation in weather patterns. However, given that in our model the variable "year" did not have any effect on the risk of pneumonia mortality, we can say that the estimates obtained are likely to be the same with data for more years.
CONCLUSION
The results of this study are of public health interest and should inform some changes in policy and practice in Nairobi City. Although we advocate more research to validate our study findings, we believe that there is a need for action to address pneumonia mortality. Pneumonia deaths can be prevented in several ways, including early detection and case management, and vaccination. Implementation of existing guidelines in the integrated management of childhood illnesses and introduction of pneumococcal and Hib vaccines could go a long way in reducing childhood mortality among slum dwellers in Nairobi. Special interventions could also be put in place just before or soon after the onset of the cold seasons not only to cater for pneumonia but for other causes of childhood mortality. Outreach programs and case-finding activities by community workers during cold spells may increase the early case-detection rates and treatment of common childhood conditions.
Although the suggested preventive strategies are likely to be effective, they will not be able to prevent all the pneumonia cases. There is a need to put in place effective case management systems that include early detection and treatment of cases with antibiotics. Unfortunately, this approach may be challenging in a slum setting where access to formal health care still is limited. An alternative would be to provide treatment within the community, an approach that has been proven to reduce mortality and morbidity from pneumonia, 35 throughout the year but particularly during the high-risk season, despite concerns about lack of trained staff to administer the antibiotics. 
